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Abstract
The reaction between a nickel-based oxygen carrier and a liquid fuel has been demonstrated in a chemical-looping reactor with
continuous particle circulating. An injection system was constructed, in which sulphur-free kerosene was evaporated, mixed with
superheated steam and fed directly into the lab scale chemical-looping reactor. A nickel-based oxygen carrier composed of 40 wt%
NiO and 60 wt% MgO-ZrO2 was used for both chemical-looping combustion (CLC) and chemical-looping reforming (CLR) ex-
periments, which were performed for about 34 h and 20 h, respectively. For the CLC experiments, 95 – 99 % of the fuel carbon was
converted to CO2 and only a minute amount of hydrocarbons was detected in the off-gas. For the CLR experiments, synthesis gas
was produced with concentrations of hydrocarbons as low as 0.01 %. The particles were analyzed before and after the experiments
using XRD, SEM, BET surface area and particle size distribution.
It was shown that it is possible to use liquid fuel in a continuous chemical-looping process and also achieve nearly complete fuel
conversion. With a nickel-based oxygen carrier virtually all hydrocarbon could be fully oxidized.
Keywords: chemical-looping combustion (CLC), chemical-looping reforming (CLR), liquid fuel, kerosene, nickel-based oxygen
carrier, circulating fluidized bed (CFB), CO2 capture
1. Introduction
Chemical-looping processes have been investigated thor-
oughly with gaseous and solid fuels. Recent overviews over de-
velopments, advancements and operational experience in chem-
ical-looping were given in 2008 by Hossain and de Lasa [1], in
2009 by Fang et al. [2] and in 2010 by Lyngfelt [3]. However,
only a handful of articles have been published that focus on the
use of liquid fuels in chemical-looping applications. Pimenidou
et al. used waste cooking oil in a batch packed bed reactor in
order to produce a synthesis gas, using a nickel-based oxygen
carrier [4]. High purity hydrogen was produced by adding cal-
cined dolomite as CO2 sorbent into the catalytic bed [5]. Cao
et al. gasified bitumen and asphalt in a separate pyrolysis unit
before feeding the synthesis gas into a batch fluidized-bed re-
actor with a copper-based oxygen carrier [6]. Forret et al. and
Hoteit et al. conducted chemical-looping combustion experi-
ments, where liquid fuel was injected into a batch fluidized-bed
reactor with a nickel-based oxygen carrier. The investigated fu-
els included n-dodecane [7], a domestic fuel oil and a heavy fuel
oil [8]. Mendiara et al. conducted a set of experiments where a
flow of nitrogen was saturated with toluene, a synthesized tar,
which was then fed into a fixed-bed reactor, using nickel-based,
manganese-based and ilmenite oxygen carriers [9].
This study focuses on the direct use of liquid fuel in a con-
tinuous chemical-looping process. It is part of a project, sup-
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ported by Saudi Aramco, with the title “Chemical-looping with
liquid hydrocarbon fuels” and the final aim of utilizing heavy
oil residues for production of heat and power.
Both chemical-looping combustion and synthesis gas gen-
eration by chemical-looping reforming were conducted in a 300 W
circulating fluidized-bed laboratory reactor.
1.1. Chemical-Looping Combustion
Chemical-looping combustion (CLC) is a method of burn-
ing fuels with inherent separation of CO2 [10]. In the most
common CLC approach, particles are circulated between two
interconnected fluidized-bed reactors, air reactor and fuel reac-
tor, with no gas leakage between the reactors. In the air reactor
(AR), the particles are oxidized with air, and in the fuel reactor
(FR), they are reduced by fuel, before the cycle begins anew. As
the oxygen carrier (OC) is circulated between air reactor and
fuel reactors, it transports oxygen from the air to the fuel. Thus,
air and fuel are never mixed and after condensing the water, the
stream of flue gases consists of nearly pure CO2. The inherent
separation of the CO2 does not cause an energy penalty. High
efficiency, high CO2 capture rate and the possibility to use dif-
ferent kinds of fuels suggests that CLC could be economically
feasible.
Figure 1 shows the basic design of a CLC system and il-
lustrates the working principle. The reactions in air reactor and
fuel reactor are expressed by reaction (1) and (2), respectively.
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Figure 1: Schematic illustration of the chemical-looping combustion
process
AR: MexOy−1 + 1/2 O2 −→ MexOy (1)
FR: (2n + m) MexOy + CnH2m −→
(2n + m) MexOy−1 + mH2O + nCO2 (2)
Here MexOy denotes a metal oxide. The oxidation of the
particles in the air reactor, see reaction (1), is exothermic. The
reducing reaction in the fuel reactor, see reaction (2), can be ei-
ther exothermic or endothermic, depending on the oxygen car-
rier material and the fuel used.
1.2. Chemical-Looping Reforming
Chemical-looping reforming (CLR) is a process derived from
CLC. Just like in CLC, oxygen is transported between two reac-
tors by solid oxygen carrier particles. The difference compared
to CLC is that insufficient amounts of air are added to the air re-
actor to convert the fuel to CO2 and H2O. Instead, the product
is synthesis gas, consisting mainly of CO and H2 [11].
The reaction in the air reactor is the same as for CLC, see
reaction (1). Typically all oxygen is taken up by the oxygen
carrier so that the off-gas from the air reactor will consist almost
completely of N2. While it is unavoidable that some fuel is fully
oxidized according to reaction (2), the major part is partially
oxidized according to reaction (3). Figure 2 shows the working
principle of CLR.
CnHm + nMexOy −→ nCO + m/2 H2 + nMexOy−1 (3)
H2O or CO2 could be added to the fuel reactor in order to
adjust the H2/CO ratio in produced synthesis gas [12] in accor-
dance with reactions (4) and (5), respectively.
CO2 reforming:
CnHm + nCO2 
 2nCO + m/2 H2 (4)
H2O reforming:
CnHm + nH2O
 nCO + (n + m/2) H2 (5)
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Figure 2: Schematic illustration of the chemical-looping reforming
process
Both H2O and CO2 also have the additional advantage of
suppressing formation of solid carbon in the fuel reactor. The
possibility for this is given through the substoichiometric con-
dition in the fuel reactor. Solid carbon is likely to stem directly
from the fuel through hydrocarbon decomposition, reaction (6).
Another possible path for carbon deposition is the Boudouard
reaction, reaction (7). At atmospheric chemical-looping operat-
ing conditions however, the Boudouard reaction is unlikely to
go towards C unless the CO2 concentration is very low.
CnHm 
 nC + m/2 H2 (6)
2 CO
 C + CO2 (7)
2. Experimental Details
2.1. 300W Laboratory Reactor
An illustration of the reactor, which was used for the ex-
periments of this work, is shown in Figure 3. A more detailed
technical description can be found in [12].
Metal oxide particles enter the air reactor, where they are
fluidized with air. During the fluidization reduced metal oxide
particles (MexOy−1) are oxidized according to reaction (1). The
fluidization velocity in the air reactor is high enough to create
a circulating fluidized bed: while new particles are constantly
fed to the bottom of the particle bed, particles at the top are
accelerated upwards and leave the bed. The particle-gas mix-
ture is then separated: the oxygen depleted air is returned to the
atmosphere, whereas the metal oxide particles are transported
through the upper loop-seal (downcomer) to the fuel reactor.
There, the metal particles are reduced by fuel, which is also
used to fluidize the particles. The reduced particles then pass
through the lower loop-seal (slot) and return to the air reactor,
where the whole cycle starts over again.
The 300 W reactor is subject to high heat losses due to a
high surface-to-volume ratio. In order to achieve sufficiently
high temperatures, typically 750 – 950 °C, the reactor is encased
in an electric furnace.
2.2. Fuel
The fuel was kerosene, which was provided by courtesy of
Preem AB in Gothenburg, Sweden. By definition kerosene con-
sists of different hydrocarbons with evaporation temperatures
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Figure 3: Schematic three-dimensional illustration of the 300 W labo-
ratory reactor
between 150 °C and 320 °C. An elemental analysis showed a
composition of 86.2 wt% carbon and 13.5 wt% hydrogen, which
corresponds to a molar ratio H/C of 1.88. The lower heating
value was determined to be 43.34 MJ/kg. It is likely that the fuel
not only contains linear alkanes but also branched iso-alkanes
and possibly even cyclic alkanes. The elemental analysis sug-
gests the presence of arenes. Alkenes and alkynes are rather
unlikely in mineral oil.
The fuel was also analyzed in a gas chromatograph (GC)
and it was found that 99 wt% of the fuel content has an evapora-
tion point below 250 °C and 80 wt% below 200 °C. Some of the
peaks in the analysis coincided with those of linear alkanes. The
most prominent ones were n-C10 (H/C = 2.20; Tboil = 174 °C)
and n-C11 (H/C = 2.18; Tboil = 196 °C).
2.3. Injection Principle
The injection system was constructed and tested using the
existing 300 W chemical-looping reactor, see Figure 3. The ba-
sic principle behind the injection system is to evaporate the liq-
uid fuel using superheated steam as heat source and to inject the
resulting gas mixture into the fuel reactor. This is most conve-
nient, because it causes the least changes to the reactor system,
which was designed for gaseous fuels, and thus reduces possi-
ble sources of error.
When the fuel molecules are converted the gas volume will
increase. Hence, the volume flow of the gaseous steam-fuel
mixture is a function of the extent of the hydrocarbon con-
verted. The steam fulfils the secondary function of ensuring that
enough gas is available to fluidize the particles in the fuel reac-
tor. Poorly fluidized particles increase the risk of agglomera-
tion, which may destroy the oxygen carrier batch, depending
upon the type of material used.
Figure 4 shows how evaporation, mixing and injection are
realized. Steam is generated continuously by a steam genera-
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Figure 4: Schematic illustration of the injection principle for kerosene
injection
tor. A heating band is used to superheat the steam to the desired
temperature, which is measured by a thermocouple temperature
sensor. A continuous fuel flow is provided by a diaphragm me-
tering pump. The fuel is fed through a capillary tube, which is
concentrically arranged within the steam pipe. The heat nec-
essary for evaporation of the fuel is thereby transported from
steam to fuel.
2.4. Measurements
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Figure 5: Schematic measurement layout
Figure 5 shows a schematic of the downstream gas mea-
surements. The top part of the 300 W reactor is connected to a
gravitational solid / gas separator, one for the air reactor (AR)
and one for the fuel reactor (FR). Part of the hot flue gases
of the fuel reactor are diverted and led through a heated line,
at 155 °C, to a flame ionization detector (FID). The FID mea-
sures the content of organic carbon as CH4 equivalent, without
giving information about aromaticity or hydrogen content. The
flue gases of both air reactor and fuel reactor are separately fil-
tered and cooled down to 5 °C, before they pass through gas
analyzers. The dry-gas content of CH4, CO and CO2 is mea-
sured continuously by an IR analyzer and the content of O2 by
a paramagnetic sensor. Additionally, the dry fuel reactor gas
is intermittently analyzed in a gas chromatograph (GC), which
measures, besides the previously mentioned gases, H2, N2, and
hydrocarbons up to C3H8. The GC used is equipped with two
columns, Molsieve MS5Å 10 m×0.32 mm (ID) and PoraPLOT
Q 10 m × 0.15 mm (ID), in which the gas sample is injected in
parallel.
In addition to the analysis of the in situ data, X-ray pow-
der diffractometry (XRD), density measurements and measure-
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ments of the BET surface area (through gas adsorption) were
performed with particles before and after the experiments.
2.5. Oxygen Carrier
The oxygen carrier used, N4MZ-1400, consists of 40 wt%
NiO supported on 60 wt% Mg-stabilized ZrO2. The particles
were produced through freeze-granulation with subsequent cal-
cination at 1400 °C. The reactor was initially filled with 250 g
of N4MZ-1400 particles in the size range of 90 – 212 µm. Par-
ticles from the same batch have been used for previous CLC
and CLR experiments [13]. These experiments were performed
both in a batch reactor with methane as fuel and in the 300 W
reactor with natural gas as fuel. N4MZ-1400 was found to be a
good oxygen carrier with high reactivity, structural stability and
no fluidization problems. It is also an active catalyst for certain
reactions, such as decomposition of hydrocarbon.
Nickel-based oxygen carriers also involve disadvantages.
Besides health issues and the high price, nickel comes with
thermodynamic limitations and never allows 100 % conversion
of any hydrocarbon-based fuel to CO2 and H2O. Nickel is also
known to suffer from poisoning / deactivation if it gets in con-
tact with sulphur species at sufficient concentrations. The pro-
cess is reversible, but only if the oxygen carrier is treated in a
high temperature, sulphur-free atmosphere [14–16].
2.6. Conducted Experiments
Chemical-looping combustion experiments were conducted
at temperatures between 750 °C and 900 °C and fuel flows cor-
responding to 144 – 578 Wth. The amount of steam added was
constant for all fuel flows and 0.75 mlliq/min. The operating
conditions for the different experiments are summarized in Ta-
ble 1, C1 – C3.
Chemical-looping reforming experiments were carried out
with the same oxygen carrier, reactor and equipment as were
used for the combustion experiments. The fuel flow was var-
ied between 289 Wth and 982 Wth and the air flow was 5.0 –
8.0 Ln/min. The flow rate of steam was controlled by a steam
generator to which 0.40 – 0.75 mlliq/min water was added, which
corresponds to 0.50 – 0.95 Ln/min steam. Key variables for chem-
ical-looping reforming experiments are listed in Table 1, R1 –
R10.
Chemical-looping experiments with N4MZ-1400 under fuel
addition were run for about 54 h, out of which 34 h were under
combustion conditions and 20 h under reforming conditions.
3. Data Evaluation
3.1. Chemical-Looping Combustion
With the current measurement system carbon compounds
are measured thoroughly. Hydrogen is only measured in pure
form or in the form of lower hydrocarbons, up to C3H8. There-
fore, the evaluation of the combustion process will be based on
the fate of carbon. The fractions of exiting carbon species are
related to the flow of carbon into the fuel reactor. These are
listed in Table 2 and the corresponding calculations are given in
equations (8) – (12).
CAR =
n˙CO2,AR
n˙C,fuel,in
(8)
CCO2,FR =
n˙CO2,FR
n˙C,fuel,in
(9)
CCO,FR =
n˙CO,FR
n˙C,fuel,in
(10)
CCH4,FR =
n˙CH4,FR
n˙C,fuel,in
(11)
C>CH4,FR =
∑9
m=1(m · n˙CmHn,FR) − n˙CH4,FR
n˙C,fuel,in
(12)
n˙C,fuel,in is the total molar flow of carbon from kerosene into
the reactor and n˙i is the molar flow of species i exiting the re-
actor. This way of evaluating the combustion process is possi-
ble by drawing a mass balance around the reactor system as a
whole, i.e. air reactor and fuel reactor. A more compact way of
evaluating the combustion process is by using the CO2 yield,
which is a single valued measure of how much carbon in the
fuel reactor is fully oxidized to CO2. The CO2 yield, expressed
through γCO2, neither takes gas leakage from fuel reactor to air
reactor into account nor transport of solid carbon. Hence, the
quantity in reaction (13) can only be called a yield if carbon loss
to the air reactor is negligible or exclusively due to gas leakage.
Furthermore, it is not differentiated by equation (13) how far
the fuel is oxidized. The CO2 yield is expressed as the molar
flow of CO2 that leaves the fuel reactor divided by the sum of
all carbon that leaves the fuel reactor. This ratio can be rewritten
with concentrations instead of molar flows, see equation (13).
γCO2 =
n˙CO2,FR
n˙CO2,FR + n˙CO,FR +
∑9
m=1(m · n˙CmHn,FR)
=
yCO2,FR
yCO2,FR + yCO,FR +
∑9
m=1(m · yCmHn,FR)
(13)
3.2. Chemical-Looping Reforming
The performance of CLR experiments is expressed by a fac-
tor ψ, which describes the number of moles oxygen taken up by
the product gas, compared to what would be needed for com-
plete combustion. ψ can be calculated with expressions (14) –
(17), from the oxygen-to-carbon molar ratio of fuel and prod-
ucts. (O/C)FR refers to the actual gas from the fuel reactor,
(O/C)fm refers to the fuel mix, and (O/C)cc refers to the gas
composition that would have been obtained by complete com-
bustion of the fuel. The number of moles H2O and C in the fuel
mix, as well as the number of moles H2O and CO2 produced
during complete combustion, is given by the flows of steam and
kerosene.
4
Table 1: Overview of CLC and CLR experiments with N4MZ-1400 oxygen carrier
Test Fuel flow FR Steam flow FR Air flow AR TFR (H/C)fm Corresponding Operation
number (mlliq/min) (mlliq/min) (Ln/min) (Ln/min) ( °C) (–) power (W) time (min)
C1 0.25 – 1.00 0.75 0.93 8.0 900 7.7 – 3.3 144 – 578 635
C2 0.25 – 0.50 0.75 0.93 8.0 750 7.7 – 4.8 144 – 289 635
C3 0.50 0.75 0.93 8.0 800 4.8 289 450
R1 1.00 0.75 0.93 7.0 930 3.3 578 75
R2 1.15 0.40 0.50 5.0 950 2.5 665 95
R3 1.45 0.40 0.50 5.0 950 2.4 838 90
R4 1.70 0.40 0.50 5.0 950 2.3 982 35
R5 1.45 0.75 0.93 5.0 950 2.9 838 90
R6 1.70 0.75 0.93 5.0 950 2.7 982 90
R7 1.15 0.75 0.93 5.0 950 3.1 665 90
R8 0.50 – 1.70 0.75 0.93 6.0 950 4.8 – 2.7 289 – 982 300
R9 0.50 – 1.30 0.75 0.93 6.0 850 4.8 – 3.0 289 – 751 200
R10 1.40 0.75 0.93 5.0 – 8.0 930 2.9 809 120
Table 2: Carbon fate categories
C-Species Symbol Explanation
CO2 in FR CCO2,FR Reaction product in case of complete oxidation
CO in FR CCO,FR Intermediate reaction product; hydrocarbons are fully reformed but only partially oxidized
CH4 in FR CCH4,FR Intermediate reaction product; hydrocarbons are mostly reformed but not fully oxidized
>CH4 in FR C>CH4,FR Intermediate reaction product; hydrocarbons are not or partially reformed
CO2 in AR CAR All carbon that gets into the air reactor is expected to be fully oxidized to CO2. Carbon can either get into
the air reactor in the form of gas, by gas leakage from fuel reactor to air reactor, or as solid carbon from
coke formation, which is transported into the air reactor by the global particle circulation. However, it is
only possible to observe the sum of both effects.
ψ =
(O/C)FR − (O/C)fm
(O/C)cc − (O/C)fm (14)
(O/C)FR =
2 · n˙CO2,FR + n˙H2O,FR + n˙CO,FR
n˙CO2,FR + n˙CO,FR +
∑9
m=1(m · n˙CmHn,FR)
(15)
(O/C)fm =
n˙H2O,fm
n˙C,fm
(16)
(O/C)cc =
n˙H2O,cc + 2 · n˙CO2,cc
n˙CO2,cc
(17)
A ψ of 1.0 means that sufficient oxygen has been added to
the fuel mix via the oxygen carrier to oxidize it completely to
CO2 and H2O. For stoichiometric partial oxidation into CO and
H2, ψ is 0.25 for methane and ≈ 0.34 for the kerosene used here.
In order for ψ to be useful for evaluating the results of a
chemical-looping reforming experiment, there should be very
high conversion of hydrocarbons and no or little formation of
solid carbon, and the gas composition should be reasonably
close to thermodynamic equilibrium. These criteria were ful-
filled for the experiments conducted in this study. Under such
circumstances, the H2O flow from the fuel reactor can be es-
timated by a species balance, see Rydén et al. [12] for a more
detailed description of the used methodology.
The desired value of ψ for a chemical-looping reforming
process depends on factors such as reactor temperature, fuel,
desired product composition and amounts of H2O or CO2 added
to the fuel reactor. For a chemical-looping reforming process
with natural gas as fuel, a ψ in the order of 0.30 – 0.35 seems
reasonable [17]. With kerosene, 0.40 – 0.45 would likely be more
appropriate, else the overall process would not be self sustain-
ing with heat.
3.3. Oxygen Carrier
One way to characterize an oxygen carrier is through the
oxygen transfer capacity Ro, see equation (18), which depends
on type and ratio of active and inert phase. It expresses the high-
est theoretical mass change between the state of complete oxi-
dization, mOC,ox, and full reduction, mOS,red.
Ro =
mOC,ox − mOC,red
mOC,ox
(18)
The difference between the reduced form of N4MZ-1400
(Ni + MgO-ZrO2) and its most oxidized form (NiO + MgO-
ZrO2) corresponds to an oxygen transfer capacity of 8.4 wt%.
However, it is not always desirable to reach that value. The ac-
tual degree of reduction of the oxygen carrier can be described
through the degree of oxidation X, see equation (19), and the
degree of mass-based conversion ω, see equation (20).
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X =
mOC − mOC,red
mOC,ox − mOC,red (19)
ω =
mOC
mOC,ox
= 1 + Ro · (X − 1) (20)
The degree of conversion of the solids cannot be determined
explicitly during operation of the 300 W reactor, since removal
of solids during operation is not possible. One way to obtain the
actual reduction is to determine the amount of oxygen needed to
oxidize the oxygen carrier when the fuel flow is shut off. This
so called reoxidation is usually performed at the end of each
experiment.
It is possible to calculate the oxygen carrier circulation m˙OC,
see equation (21), as a function of ω, the oxygen consumed in
the air reactor ∆m˙O2,AR and the degree of mass-based conver-
sion in the air reactor ωAR. Here, ω is derived from reoxida-
tion data, see equation (20), and the oxygen consumption in the
air reactor ∆m˙O2,AR from continuous CLC operation. If it is as-
sumed that the oxygen carrier is completely oxidized to NiO in
the air reactor during CLC operation, then ωAR in equation (21)
becomes 1. Hence, the oxygen carrier circulation can be esti-
mated for the one air reactor air flow, which was used prior to
the reoxidation.
m˙OC =
ωAR · ∆m˙O2,AR
∆ω
=
: 1ωAR · ∆m˙O2,AR
: 1ωAR − ω
(21)
The attrition rate was calculated from a simple exponential
decay equation, based on the experimental time with fuel ad-
dition, the amount of recovered fines and the total recovered
bed mass. Particles are hereby assumed to decay evenly over
the whole experiment time, which is a simplified assumption.
Here, fines are defined as particles with a diameter less than
45 µm.
4. Results and Discussion
4.1. Chemical-Looping Combustion Experiments
Figure 6 shows the measured dry-gas concentration during
experiment C1 with 289 Wth fuel equivalent, cf. Table 1. The
concentration of hydrogen, H2 (WGS), was calculated under
the assumption that the equilibrium of the water-gas shift reac-
tion is valid. This assumption was supported by gas chromato-
graph measurements, H2 (GC).
Due to thermodynamic limitations, nickel-based oxygen car-
riers cannot fully convert H2 and CO into H2O and CO2. The
calculated equilibrium concentrations for CO and H2, CO (eq.)
and H2 (eq.), are displayed in Figure 6 and show the lower limit
of both species. Both concentrations were calculated for a hy-
drogen-to-carbon ratio of 5.1, a temperature of 900 °C and cor-
rected for the balance gases, nitrogen and argon. Argon was
used for all experiments to fluidize the loop-seals, and the pres-
ence of nitrogen was a result of a minor leakage from air reactor
to fuel reactor. The measured dry-gas concentration of nitrogen
in the fuel reactor was about 2 % for most experiments. 4 %,
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Figure 6: Dry-gas concentrations during chemical-looping combus-
tion at TFR = 900 °C with 289 Wth (0.5 mlliq/min) fuel and
0.75 mlliq/min H2O (H/C = 5.1). The balance is Ar, which
was used to fluidize the loop-seals and about 4 % of N2,
which leaked from AR to FR. The wet flue gas consisted
of about 60 % H2O. The AR was fluidized with 8.0 Ln/min
air.
which was measured in this experiment, seems to be an excep-
tion and rather high. About half the oxygen that was provided
by the air flow in the air reactor was transported into the fuel re-
actor with the oxygen carrier. For an industrial CLC unit, almost
all the oxygen should be used so that only a few percent remain
in the exhaust gases of the air reactor. The average CH4 con-
centration was below 0.1 %. CO and H2 differ only by 0.4 %-
points and 0.8 %-points from the equilibrium values of 0.5 %
and 1.0 %. Thus, the combustion was nearly complete.
Figure 7 shows the carbon conversion during the experi-
ments; 7a and 7b show the effect of varied temperature, whereas
7c shows a varied fuel flow. Generally, the conversion was very
good and nearly complete. The CO2 yield was above 95 % at all
times. The unconverted gases were mainly CO and H2, which is
not shown here. No noteworthy concentrations of CH4 or higher
hydrocarbon were observed. The high but incomplete conver-
sion of fuel was expected and can be ascribed to the thermody-
namic limitations that apply to all nickel-based oxygen carriers.
Thermodynamically, fuel conversion to CO2 and H2O should
decrease at higher temperature. The fact that the opposite is ob-
served suggests that the oxidation of fuel is predominated by
reaction kinetics, which generally improves at higher temper-
ature, rather than thermodynamic equilibrium. When the fuel
flow was varied at a constant air flow, the amount of oxygen
available per unit of fuel changed. Higher oxygen-to-fuel ratios
resulted in a higher conversion of fuel to CO2 and H2O.
Between 4 % and 14 % of the ingoing carbon ended up in
the air reactor. This observed carbon leak could be the result of
both gas leakage and transport of solid carbon with the particle
circulation. The latter is believed to be relevant, because nickel
is known to favour coke formation at certain conditions. On the
other hand, steam is known to suppress carbon formation. Fur-
thermore, during earlier experiments with the here used reactor
system, similar oxygen carrier particles and natural gas as fuel,
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Figure 7: Carbon fate and CO2 yield for CLC experiments with
N4MZ-1400 for (a) 144 Wth at different temperatures, (b)
289 Wth at different temperatures and (c) at 900 °C with var-
ied fuel flow
it was found that about 4 – 20 % of the incoming fuel reactor
flow leaked into the air reactor [12]. Hence, it is suspected that
the CO2 observed in the air reactor is mainly due to gas leak-
age. If that is the case then virtually all fuel carbon could be
captured as CO2 in a properly sealed CLC system. It should be
mentioned that no carbon leakage has been seen in larger units
with gaseous fuel [18, 19]. This could be different with liquid
fuels, but no safe conclusions can be drawn from the present
experiments.
4.2. Chemical-Looping Reforming Experiments
Syngas production was achieved by reducing the air-to-fuel
ratio below the stoichiometric requirement for combustion. In
this way, complete reoxidation of the oxygen carrier was pre-
vented, and eventually there was too little oxygen available in
the oxygen carrier to convert the fuel into CO2 and H2O, see
Figure 8 for an example.
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Figure 8: Wet-gas concentrations during chemical-looping reform-
ing at TFR = 950 °C with 250 g N4MZ-1400 and an air
factor of 0.40, fuel flow of 1.45 mlliq/min, steam flow of
0.40 mlliq/min and air flow of 5.0 Ln/min. The concentration
of CH4 during the experiment was ≈ 0.05 %. The balance is
Ar, which was used as fluidization gas in the particle seals.
In Figure 8, it can be seen that the kerosene initially was
almost completely oxidized to CO2 and H2O. This was possi-
ble since excess oxygen was stored in the fully oxidized oxy-
gen carrier particles. However, since the oxygen added to the
air reactor was insufficient to reoxidize the oxygen carrier, the
overall degree of oxidation of the particles in the system slowly
decreased, which resulted in a gradual shift of products towards
CO and H2. In the example presented in Figure 8, steady state
is achieved after about 15 min.
In Table 3, fCH4 is the amount of CH4 left in the synthesis
gas compared to the amount carbon that was added to the reac-
tor, expressed in %. ψset corresponds to the amount of air added
to the air reactor compared to what is needed for complete com-
bustion of the fuel. ψreal is the corresponding number calculated
from the composition of the fuel reactor gas according to equa-
tions (14) – (17). In Table 3, it can be seen that ψreal typically
differs somewhat from ψset. This is most apparent for experi-
ment R1 for which ψreal is much lower than ψset. The reason is
that a comparably high air flow was used here and the outlet
gas from the air reactor contained 7 – 8 vol% O2. This was the
first reforming experiment conducted, so the process parame-
ters had not yet been correctly established. For the following
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Table 3: Results of chemical-looping reforming experiments with
N4MZ-1400 oxygen carrier
Test ψset ψreal fCH4
number (%) (%) (%)
R1 91.7 54.7 0.01
R2 50.2 53.1 0.07
R3 39.8 40.4 0.05
R4 33.9 30.7 0.21
R5 39.8 43.1 0.02
R6 34.0 37.6 0.06
R7 50.2 54.6 0.01
R8 – – –
R9 – – –
R10 – – –
experiments, the air flow was reduced so that the O2 concentra-
tion from the air reactor became zero. For these instances, ψreal
typically was rather close to ψset. The minor deviations seen are
likely due to uncertainties concerning the steam content in wet
gas, which is estimated by thermodynamic equilibrium calcu-
lations rather than measured directly. The minor formation of
solid char discussed below also has a small effect. The numbers
in Table 3 are averages for each experimental period. Hence no
numbers are shown for experiments R8 – R10, cf. Table 3, since
varying operational parameters were used here.
In general, it can be said that the chemical-looping reform-
ing experiments worked well. The reactor was operated at ψreal
between 0.30 and 0.55 and temperatures of 850 – 950 °C, which
should be attractive conditions from an industrial point of view.
The conversion of hydrocarbons into syngas was ≈ 99.99 % for
ψ = 0.50 and ≈ 99.90 % for ψ = 0.40 at 950 °C. The selec-
tivity towards H2 and CO was high, although the H2 concen-
tration did not quite reach equilibrium for higher fuel flows.
Small amounts of solid carbon accumulated in the reactor dur-
ing operation, ranging from 0 – 1 % of the total amount of car-
bon added with the fuel during a time period of 70 – 300 min.
Further, a CO2 concentration of roughly 0.5 vol% was measured
after the air reactor. This corresponds to less than 2% of the car-
bon added to the fuel reactor and is believed to have been due
to gas leakage. The one differing experiment was R4, for which
the CO2 concentration after the air reactor was 1.5 vol%. This
suggests larger gas leakage for this particular experiment, or
more likely that the low air factor used in this experiment re-
sulted in char formation in the fuel reactor. The char formed
then followed the solids circulation to the air reactor in which it
was combusted, resulting in slightly higher CO2 measured con-
centration. This is believed to have been reactor specific phe-
nomena, see [13] for further discussion. There were no prob-
lems with defluidization, agglomeration, etc. despite the some-
times harsh experimental conditions.
4.3. Oxygen Carrier Analysis
The analysis of the used particles was done after 34 h of
CLC and 20 h of CLR, concluding with combustion experi-
ments.
The experiments with N4MZ-1400 showed no problems with
fluidization. The only observed issue was the rather large accu-
mulation of material in particle filters and water seal.
The amount of fines produced during the experiments seemed
to be constant and was rather high. Due to nearly complete fuel
conversion and fuel flows above the design values of the reac-
tor system, see Table 1, the gas velocity in the fuel reactor was
at times approaching the terminal velocity of the oxygen car-
rier particles. This caused not only fines to be carried out of the
reactor, but also a minor amount of intact particles. Due to a
high amount of fines, the material was difficult to sieve. Nickel
dust stuck to sieve meshes and sieve walls and was, unlike the
fresh material, no longer pourable. The average attrition rate
was 0.4 %/h, which corresponds to an average lifetime of about
250 h.
Figure 9 shows the freeze-granulated nickel-based oxygen
carrier N4MZ-1400 before and after the experiments with liq-
uid fuel in the 300 W reactor. Figure 9a shows particles from
the same batch as the ones used here but from a different size
fraction. It can be seen that the fresh particles are mostly uni-
formly spherical, as is typical for freeze-granulated particles,
but there are also a few particles with smaller particles attached
to them, or so called satellites. The smaller size fraction, which
was used for the experiments in the 300 W reactor, is assumed
to be more regular shaped, i.e. without such satellites. The used
particles, which can be seen in Figure 9b, are still quite spher-
ical, but it can clearly be seen that many particles are broken.
No differences in surface structure were observed.
(a) Fresh particles of larger size fraction
(b) Used particles after experiments
Figure 9: SEM images of nickel based oxygen carrier N4MZ-1400 (a)
before and (b) after CLC and CLR experiments with liquid
fuel
Table 4 shows the results of X-ray powder diffractometry
(XRD) and BET surface area measurements of fresh and used
N4MZ-1400 particles. The lower detection limit of XRD lies
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at about 4 mol%. Here, an exact quantification was not possi-
ble. The indicated phases in Table 4 are listed after occurrence:
more frequent phases are listed first.
Table 4: XRD and BET surface measurement of N4MZ-1400 particles
after CLC experiments
Particles Indicated phases BET surface
by XRD area (m2/g)
Fresh (> 212 µm) ZrO2 (m), NiO 0.6
Used (90 – 250 µm) ZrO2 (m), NiO, Ni 1.1
Used (< 45 µm) ZrO2 (m), NiO, Ni –
(m) monoclinic crystal structure
A couple of things should be pointed out with respect to
the identified phases. N4MZ-1400 is a synthesized oxygen car-
rier, which is designed so that the active phase, NiO, is mixed
with an inert phase, ZrO2, in order to increase particle stability
and thus lifetime. ZrO2 has a high thermal resistance and me-
chanical strength. With an increasing temperature ZrO2 under-
goes phase changes. Below 1170 °C it has a monoclinic crystal
structure, between 1170 °C and 2367 °C a tetragonal one and
between 2367 °C and melting temperature 2690 °C it becomes
cubic [20]. Each crystal structure has a different density, which
increases in the order monoclinic → tetragonal → cubic. A
phase transformation is thus accompanied by an abrupt volume
change, which is likely to cause cracks in the particle structure.
Although the phase-transformation temperatures lie well be-
yond temperatures where CLC and CLR experiments are con-
ducted, the initial calcination can well happen in this temper-
ature range. This means that such particles could a priori have
a weakened structure. In order to avoid a phase transformation
at high temperatures, ZrO2 can be stabilized by mixing it with
certain metal oxides whose ions diffuse at very high tempera-
tures, about 1700 °C, into the crystal structure of ZrO2. Such so
called stabilized ZrO2 has a cubic structure at room temperature
and does not undergo structural changes upon heating until the
melting point is reached. In order to avoid cracking of particles
due to initial heat treatment, it is important that ZrO2 is sta-
bilized both, homogeneously and completely. Such a structure
is called fully stabilized ZrO2 in contrast to partially stabilized
ZrO2. In order to fully stabilize ZrO2 with MgO, about 15 mol –
30 mol% MgO have to be mixed with ZrO2 at high temperatures
[21].
N4MZ-1400 was supposed to consist of partially or fully
stabilized ZrO2, which was necessary due to its high calcina-
tion temperature. The fact that neither cubic ZrO2 nor MgO
were found indicates that the ZrO2 was not fully stabilized as
intended. This might be the cause for the unexpectedly high at-
trition rate of N4MZ-1400.
The presence of minor amounts if metallic nickel in the used
particle samples indicates that the active nickel phase could not
be fully oxidized. Hence, the oxygen transfer capacity is re-
duced. On the other hand, metallic nickel is known to catalyze
certain reactions in the fuel reactor, such as hydrocarbon de-
composition. However, after an initial phase with fresh parti-
cles, where the fuel conversion clearly improved with time and
which took about 1 h, neither degradation nor improvement in
fuel conversion were noted.
The measured BET surface area of the used particles is al-
most twice as high as that of fresh particles, see Table 4. How-
ever, since both values are quite low, this increase in surface
area could be partly explained by the difference in particle size
between fresh and used particles.
Besides the obvious carbon transport to the air reactor, see
Figure 7, there seems to be no further noteworthy carbon depo-
sition in the fuel reactor during fuel addition. After the experi-
ments the circulation was stopped so that the reduced particles
stayed in the fuel reactor. When thereupon the particles were
reoxidized by air, some CO2 was detected. The carbon in the
CO2 corresponded to less than 0.1 % of the total amount of car-
bon added earlier through the fuel. At least part of that carbon
was on the particles and would have been transported into the
air reactor, meaning that the actual amount of carbon that was
deposited in the fuel reactor was even smaller.
The global particle circulation could be estimated for the
combustion experiments C1 – C3. The measured ∆ω for an air
flow of 8.0 Ln/min was 3 – 6 %, which corresponds to ∆X of
29 – 64 %. The resultant particle circulation is 0.3 – 0.7 g/s or,
when divided by the cross-sectional area of the fuel reactor, 5 –
11 kg/s m2.
5. Conclusions
This paper provides a proof of concept of CLC and CLR
with a liquid fuel in a directly fired unit with continuous cir-
culation. The nickel-based oxygen carrier that was used turned
out to have very good fuel conversion properties, but a notewor-
thy fraction of the particles broke down to a size below 45 µm.
This integrity issue is believed to be caused by the fact that
the magnesium-stabilized zirconium dioxide, which was used
as stabilizing agent, was in fact not fully stabilized. Hence, the
particles would have been partially fractured during the initial
calcination.
The fuel conversion to H2O and CO2 during chemical-loop-
ing combustion was high but incomplete. The CO2 yield was as
high as 99 % and never below 95 %. The amount of H2 and CO
left in the fuel reactor gases came very close to the calculated
equilibrium concentrations. The amount of CH4 left in the fuel
reactor gases did not exceed 0.2 % in dry-gases. No other hy-
drocarbons were detected. One issue that occurred was carbon
transport to the air reactor. As much as 14 % of the fuel car-
bon leaked into the air reactor and was thus lost to the carbon
sequestration. However, the carbon leakage is at least partly as-
cribed to the reactor specific gas leakage from fuel reactor to air
reactor.
During the chemical-looping reforming experiments nearly
all hydrocarbon could be reformed into a synthesis gas, which
consisted mainly of CO and H2. In the best case, only 0.01 %
of the fuel carbon remained as hydrocarbon.
Generally, chemical-looping combustion and chemical-loop-
ing reforming experiments went very well and showed a perfor-
mance, similar to gaseous fuels.
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Nomenclature
Latin symbols
fCH4 [ – ] CH4 fraction in synthesis gas
compared to added carbon
m [kg] mass
m˙OC [kg/s] oxygen carrier circulation
n˙ [mol/s] molar flow
x [vol%] dry-gas concentration
y [vol%] wet-gas concentration
C [ – ] carbon fraction
H/C [ – ] hydrogen-to-carbon ratio
Ro [wt%] oxygen transfer capacity
S BET [m2/g] BET surface area
T [ °C] or [K] temperature
Tboil [ °C] or [K] boiling temperature
X [%] degree of oxidation
Greek symbols
γCO2 [%] CO2 gas yield
µ varies mean value
ρbulk [g/cm3] bulk density
σ varies standard deviation
ψ [ – ] degree of oxidation of fuel
ω [%] degree of mass-based conversion
Indices
( )cc complete combustion
( )fm fuel mix
( )in at the reactor inlet
( )ox most oxidized state
( )red most reduced state
( )AR air reactor
( )FR fuel reactor
( )OC oxygen carrier
Acronyms
AR air reactor
CLC chemical-looping combustion
CLR chemical-looping reforming
FR fuel reactor
GC gas chromatograph
N4MZ-1400 40 wt% NiO on 60 wt% MgO-
ZrO2 calcined at 1400 °C
OC oxygen carrier
SEM scanning electron microscopy
XRD X-ray powder diffractometry
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